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Bidirectional Synaptic Plasticity and Spatial Memory
Flexibility Require Ca2�-Stimulated Adenylyl Cyclases
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When certain memory becomes obsolete, effective suppression of the previously established memory is essential for animals to adapt to
the changing environment. At the cellular level, reversal of synaptic potentiation may be important for neurons to acquire new informa-
tion and to prevent synaptic saturation. Here, we investigated the function of Ca 2�-stimulated cAMP signaling in the regulation of
bidirectional synaptic plasticity and spatial memory formation in double knock-out mice (DKO) lacking both type 1 and 8 adenylyl
cyclases (ACs). In anesthetized animals, the DKO mutants showed defective long-term potentiation (LTP) after a single high-frequency
stimulation (HFS) or two spaced HFSs at 100 Hz. However, DKO mice showed normal LTP after a single HFS at 200 Hz or two compressed
HFSs at 100 Hz. Interestingly, reversal of synaptic potentiation as well as de novo synaptic depression was impaired in DKO mice. In the
Morris water maze, DKO mice showed defective acquisition and memory retention, although the deficits could be attenuated by over-
training or compressed trainings with a shorter intertrial interval. In the reversal platform test, DKO animals were impaired in both
relearning and old memory suppression. Furthermore, the extinction of the old spatial memory was not efficient in DKO mice. These data
demonstrate that Ca 2�-stimulated AC activity is important not only for LTP and spatial memory formation but also for the suppression
of both previously established synaptic potentiation and old spatial memory.

Introduction
Memory formation consists of mechanistically different phases.
The efficient acquisition of information as well as consolidation
normally requires activity-dependent synaptic modifications.
Another important aspect of memory process is that, when
certain memory becomes obsolete, effective suppression of the
previously established memory may be essential for behavioral
adaptations (Bouton, 2004; Myers et al., 2006). Theoretically,
the bidirectional regulation of synaptic strength may be func-
tionally involved in the dynamic behavioral changes during
different stages of memory processes (Braunewell and Manahan-
Vaughan, 2001; Huang and Hsu, 2001; Silva, 2003; Diamond
et al., 2005).

Previous studies with different animal models have demon-
strated an important role of cAMP signaling in regulating synap-
tic plasticity and memory formation (Nguyen and Woo, 2003;
Abel and Nguyen, 2008; Lee et al., 2008). Because Ca 2�-
stimulated adenylyl cyclases (ACs) couple the activity-dependent
increase of intracellular Ca 2� to cAMP elevation, their function
in regulating synaptic modification and memory formation has
been suggested. Of all the identified ACs, type 1 and type 8 ACs
(AC1 and AC8) are the major Ca 2�-stimulated ACs in the CNS
(for review, see Wang and Storm, 2003). Previous studies have

demonstrated that the activation of certain cAMP-regulated sig-
naling molecules during long-term potentiation (LTP) and long-
term memory formation requires AC1 and AC8 activity (Sindreu
et al., 2007; Eckel-Mahan et al., 2008; Wieczorek et al., 2010).
Double knock-out (DKO) mice lacking both AC1 and AC8 do
not show Ca 2�-stimulated elevation of cAMP in vitro (Wong et
al., 1999). Functionally, DKO mice are impaired for late-phase
LTP in vitro and show defective long-term retention of contextual
memory. Furthermore, enhancement of Ca 2�-stimulated AC ac-
tivity facilitates LTP, the maintenance of remote fear memory,
and the activation of certain plasticity-related signaling transduc-
tion (Wang et al., 2004; Shan et al., 2008). However, although the
bidirectional modification of both synaptic changes and memory
process is essential for normal brain function, little is known
about how Ca 2�-stimulated cAMP signaling regulates synaptic
remodification and memory flexibility (such as relearning and
old memory suppression).

In the present study, we first examined how disruption of
Ca 2�-stimulated AC in DKO mice affected LTP, long-term de-
pression (LTD), and suppression of synaptic potentiation (i.e.,
depotentiation) at the Schaffer collateral–CA1 synapses in the
hippocampus. To examine these activity-dependent bidirec-
tional synaptic modifications without significant disruption of
the intact neuronal circuit, we performed electrophysiology in
vivo with anesthetized animals. Next, we used different Morris
water maze paradigms to examine de novo spatial learning, sup-
pression of old spatial memory along with relearning a new plat-
form location, and memory extinction in DKO mice. Our data
suggest novel functions of Ca 2�-stimulated cAMP signaling in
synaptic and memory flexibility.
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Materials and Methods
Animals. DKO mice for type 1 and type 8 adenylyl cyclases (AC1 and
AC8) were previously reported (Wong et al., 1999). They were back-
crossed to C57BL/6 background for at least 12 generations. Young adult
(10- to 15-week-old) male DKO and wild-type (WT) control mice with
body weight of 20 –27 g were used in electrophysiological and behavioral
studies. All animals were kept in the University Laboratory Animal Re-
sources facility with 12 h light/dark cycle and had ad libitum access to
food and water. All manipulations were in compliance with the guide-
lines of Institutional Animal Care and Use Committee at Michigan State
University.

In vivo electrophysiological recordings at Schaffer collateral–CA1 syn-
apses. Mouse was deeply anesthetized with Nembutal sodium solution
(Ovation) at a dose of 100 mg/kg (intraperitoneally) within its home
cage, and then mounted to a stereotaxic frame (David Kopf Instru-
ments). The anal temperature of mouse was monitored and kept at
37.0 � 0.5°C by placing the mouse on a Physitemp Controller-connected
heating pad. Medical oxygen with 5% CO2 was continuously supplied
through a tube put in front of the mouse snout. Two electrodes (a pair of
100 �m outer diameter Teflon-coated wires; WPI) were slowly inserted
into the brain through drilled holes. Stimulating electrode was placed at
Schaffer collaterals of dorsal hippocampus (AP, �1.7–1.9 mm; ML, 1.7–
1.9 mm; DV, 1.6 –2.0 mm from skull surface), and recording electrode
was placed at the ipsilateral striatum radiatum of hippocampal CA1 area
(AP, �1.7–1.9 mm; ML, 1.2–1.3 mm; DV, 1.5–1.9 mm). Placements of
the two electrodes were slowly adjusted to obtain optimal response of
field EPSP (fEPSP). Electrophysiological signals were amplified and re-
corded by using a Powerlab System (ADInstruments). Stimulating pulses
(100 �s duration) with an intensity that evoked one-half of maximum
amplitude were delivered at 0.033 Hz to obtain a stable baseline for at
least 30 min. Once a stable baseline was established, conditioning stim-
ulations at the same intensity as used for baseline were delivered to in-
duce LTP, LTD, or depotentiation. After induction, the sampling rate
was returned to 0.033 Hz and recording lasted for at least 60 min. At the
end of electrophysiological recordings, anode electrolytic current (0.4
mA, 2 s) was delivered to produce a thermolytic lesion at the tip of the
electrode. Brains were fixed in 10% formalin, sliced by a vibratome, and
then the location of the electrode tip was confirmed.

Input– output curve and paired-pulse facilitation. Single pulses with
different stimulation intensities ranged from 25 to 300 �A were applied
to achieve the input– output curve before baseline recording. Paired
pulses with interpulse intervals from 20 to 500 ms (at the intensity that
evoked 30% maximal amplitude) were applied to induce paired-pulse
facilitation.

LTP induction. Two paradigms of tetanus stimulation were applied to
induce LTP. The first paradigm was one train of 100 pulses at different
stimulation frequencies (i.e., 50, 100, or 200 Hz). The second paradigm
was two trains of 100 pulses at 100 Hz with either spaced (i.e., 5 min) or
compressed (i.e., 1 min) intertetanus interval.

Depotentiation and LTD induction. For depotentiation studies, LTP
was first induced by two high-frequency stimulation (HFS) trains (100
pulses at 100 Hz for each train) with 1 min intertetanus interval. Then,
low-frequency stimulation (LFS) consisting of 900 pulses at 1 Hz was
delivered 5 min after the second HFS. For the induction of de novo
synaptic depression, LFS consisting of 900 pulses at 1 Hz was delivered to
naive Schaffer collateral–CA1 synapses after a stable baseline was
established.

Morris water maze training. The training apparatus was a circular pool
(125 cm in diameter) filled with clean water (19 –20°C) and covered with
white polypropylene beads (generous gifts from local Quality Dairy bot-
tling facility). A circular platform (9 cm in diameter) was placed 1 cm
below water surface. All animal activities were automatically recorded
and measured by a video-based Morris water maze tracking system (Wa-
terMaze; Coulbourn Instruments). Most of the water maze experiments
consisted of three training phases: cued-platform (i.e., visible platform)
training, the initial hidden platform training, and the reversal hidden
platform training. For each training trial, a mouse was allowed to sit on
the platform for 20 s after climbing onto the platform, or being manually

guided to the platform if the maximal trial duration of 90 s had elapsed.
In the cued-platform training, a small red flag (2 � 2 cm), which stood 5
cm above water surface, was attached to the platform. Locations of this
cued platform were randomly altered for each trial. Mice were trained
four trials per day with intertrial interval (ITI) of 20 –30 min. In general,
all mice were able to find the cued platform with �20 s after 2 d of
training. For the later training stages, the red flag was removed from the
platform, and the platform was placed at a new location that had never
been used during the cued-platform trainings. Extra-maze cues (e.g., two
wall posters) were presented as spatial references during the hidden plat-
form trainings.

In water maze experiment 1 (WME-1), mice were first trained to find
the cued/visible platform, and then trained by two trials per day with ITI
of 4 h from day 1 to 6 for the initial hidden platform training stage. On
day 7, the animals were subjected to a probe test, during which the
platform was removed from the pool and mouse was released from the
opposite quadrant of the initial platform location. The duration of
the probe test was 60 s, after which the mouse was guided to the initial
platform location and allowed to sit on the experimenter’s hand for 20 s
to minimize the impact of probe test on the performance of the subse-
quent training sessions. Then, mice were further trained for additional
6 d (from day 8 to day 13) for the same platform location by using the
same training protocol as that from day 1 to 6. On day 14, the animals
were subjected to a second probe test. During the reversal hidden plat-
form training stage, the platform was moved to the opposite quadrant. By
using the same training strategy (i.e., two trials per day with ITI of 4 h),
mice were trained to find the new platform location for 4 d. A probe test
was performed 24 h after the fourth day of reversal training. An addi-
tional 4 d of reversal training was performed and followed by another
probe test 24 h after the last reversal training session. A schematic illus-
tration for WME-1 is presented in Figure 4 A.

In water maze experiment 2 (WME-2), mice were first pretrained to
find the visible platform as described above. Second, the animals were
trained to find the hidden platform by four trials per day with ITI of 30
min. A probe test was performed on day 7. The animals were further
trained to find the hidden platform for additional 3 d. Twenty-four hours
after the last hidden platform training, two extinction trials were per-
formed each day with ITI of 4 h for 3 d. During each extinction trial,
mouse was released from the opposite quadrant and allowed to swim for
60 s in the pool with the platform removed. At the end of each trial,
mouse was immediately picked up and returned to its home cage. The
time that mouse spent in the target quadrant as well as the crossing
number over the platform location were recorded. A schematic illustra-
tion for the WME-2 is presented in Figure 6 A.

In water maze experiment 3 (WME-3), we examined whether the
visible platform pretraining experience influences spatial memory for-
mation. Naive WT and DKO mice, without any visible platform training,
were trained to locate the hidden platform by four trials each day with ITI
of 30 min for 6 d. The first probe test was performed on day 7. The
animals were further trained for 3 more days (i.e., from day 8 to 10). The
second probe test was performed on day 11.

In water maze experiment 4 (WME-4), another two groups of naive
WT and DKO mice were first pretrained to find the cued/visible plat-
form. Then, they were examined by hidden platform training. The pro-
cedure of hidden platform training was essentially the same as that of
WME-3, except that ITI of 1 min was used.

Data analysis. Changes of fEPSP initial slope following conditioning
stimulus were expressed as percentage to that of baseline values. The
average of fEPSPs collected in every 2 min was used for data presentation.
Establishment of LTP/LTD was confirmed by comparing the fEPSP
slopes at 50 – 60 min after tetanus to the values of the fEPSP during the
last 10 min of baseline recording. Repeated-measures ANOVA with
time/quadrant/probe/stimulus intensity/paired-pulse interval as within-
subject factors were used to analyze the electrophysiological and behav-
ioral data. One- or two-way ANOVA was used to compare effects of
multiple groups. Post hoc Duncan tests were applied between groups, and
pairwise least significant difference (LSD) tests were applied within
groups when appropriate. Unpaired Student’s t test was used to compare
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two independent groups. All data were expressed as average � SE and
considered to be statistically significant if p � 0.05 was reached.

Results
Induction of LTP in DKO mutants by one train of HFS with
different frequencies
Previous studies have demonstrated that Ca 2�-stimulated AC
activity is required for LTP in vitro by using acute hippocampal
slices (Wong et al., 1999). To examine how LTP is regulated in
vivo with undisrupted neuronal network, we examined fEPSPs at
the Schaffer collateral–CA1 synapses with anesthetized young
adult mice. After a stable baseline recording was established, we
first used one train of 100 pulses at different frequencies to induce
LTP. Delivery of HFS at 50 Hz failed to induce LTP in both WT
and DKO mice (all p � 0.05, two-way ANOVA with repeated
measures). WT mice showed mild but not significant fEPSP po-
tentiation (106.2 � 2.9%) at 50 – 60 min after HFS. The change of
fEPSP was 97.7 � 3.9% for DKO animals (Fig. 1A). After deliv-
ering HFS at 100 Hz, WT mice showed significant LTP (120.2 �
4.1%; p � 0.01 when compared with baseline). In contrast, DKO
mutants did not show LTP (102.1 � 6.3%; p � 0.6 when com-
pared with baseline). The fEPSP slope changes induced with one
train HFS at 100 Hz were significantly different between WT and
DKO animals (genotype: F(1,13) � 6.0, p � 0.05; genotype by time
interaction: F(9,117) � 4.7, p � 0.0001) (Fig. 1B). When tetanus
frequency was increased to 200 Hz, both groups showed robust
LTP (121.5 � 8.0% for WT, and 119.2 � 7.3% for DKO; both p �
0.05 when compared with baseline fEPSPs), and the LTP were
comparable between the two groups (p � 0.9) (Fig. 1C).

As shown in Figure 1D, the frequency–response function
curve is right-shifted in DKO mutants when compared with WT
controls. Two-way ANOVA indicated that there were significant
main effects of genotype (F(1,29) � 4.3; p � 0.05) and HFS fre-
quency (F(1,29) � 4.7; p � 0.05) on the frequency–response curve,

suggesting that Ca 2�-stimulated ACs might be involved in the
regulation of the stimulation threshold for LTP induction.

LTP induction in DKO mutants by HFS with spaced or
compressed intertetanus interval
Because stronger stimulation may be required to induce LTP in
DKO animals, we further tested whether multiple trains of HFS at
100 Hz would be sufficient for the induction of LTP in DKO
mutants. First, we delivered two trains of 100 pulses at 100 Hz
with an intertetanus interval of 5 min, which was referred to as
spaced HFS stimulation in two previous studies (Woo et al., 2003;
Kim et al., 2010). WT mice showed significant LTP (130.7 �
10.7%; p � 0.05 when compared with baseline), while DKO
mutants failed to show LTP (104.8 � 6.5%; p � 0.3 when
compared with baseline) (Fig. 2 A). The difference between
WT and DKO animals for fEPSP changes was significant
(F(1,11) � 4.9; p � 0.05).

Next, we used two trains of 100 pulses with a more com-
pressed intertetanus interval (i.e., 1 min compared with the
spaced HFS stimulation with intertetanus interval of 5 min) to
induce LTP. Interestingly, this protocol successfully resulted in
significant LTP in both groups. WT animals showed 119.3 �
4.3% potentiation, and DKO animals showed 117.5 � 5.6%
potentiation (p � 0.05 for both WT and DKO animals when
compared with the baseline fEPSP values). Furthermore, there
was no significant difference between the two groups for fEPSP
changes (genotype: F(1,12) � 0.1, p � 0.7; genotype by time:
F(9,108) � 0.3, p � 0.7) (Fig. 2B). These results demonstrate that
increasing stimulation strength with an optimal compressed
intertetanus interval is sufficient to induce Ca 2�-stimulated
ACs-independent LTP at an insufficient frequency (i.e., 100
Hz in this study). In addition to supporting that Ca 2�-
stimulated cAMP signaling may regulate the threshold level of
LTP induction, our data are also consistent with previous in
vitro findings that protein kinase A (PKA) activity plays an
important role for LTP induced by spaced rather than by com-
pressed stimulation (Woo et al., 2003; Kim et al., 2010).

Ca 2�-stimulated AC regulates synaptic depression and
depotentiation
Considering that the bidirectional synaptic changes (potentia-
tion vs depression) might be differentially regulated by Ca 2�-
stimulated cAMP signaling, we further examined whether the
lack of AC1/AC8 could facilitate LTD in DKO mice. Consistent
with several previous studies that show robust in vivo LTD induc-
tion with adult rodents (Heynen et al., 1996, 2000), we were able

Figure 1. Frequency-dependent induction of long-term potentiation at the Schaffer collat-
eral–CA1 synapses in DKO mice. A, Tetanus stimulation with one train of 100 pulses at 50 Hz was
ineffective to induce LTP in both WT (n � 5) and DKO groups (n � 5). B, Tetanus stimulation
with one train of 100 pulses at 100 Hz was sufficient to induce LTP in WT (n � 9) but not in DKO
mutant mice (n � 6). C, Tetanus stimulation with one train of 100 pulses at 200 Hz was
sufficient to induce LTP in both groups (n � 5 for WT; n � 5 for DKO). D, The frequency–
response function curve was right-shifted in DKO mutants when compared with WT controls.
The arrows indicate the delivery of tetanus stimulation. The insets are representative fEPSP
traces taken before and after tetanus stimulation at the indicated time points. Calibration: 10
ms, 1 mV.

Figure 2. Induction of LTP in DKO mutants by two high-frequency stimulations with spaced
or compressed intertetanus interval. A, WT (n � 6) but not DKO mice (n � 7) showed robust
LTP after two trains of HFS (100 Hz) delivered 5 min apart. B, Both groups (n �7 for each group)
showed significant LTP after two trains of HFS (100 Hz) delivered 1 min apart. The arrows
indicate the delivery of tetanus stimulations. The insets are representative fEPSP traces taken
before and after tetanus stimulation at the indicated time points. Calibration: 10 ms, 1 mV.
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to induce significant in vivo LTD with 2- to 3-month-old mice by
using the standard LFS induction protocol (i.e., 900 pulses at 1
Hz). As shown in Figure 3A, low-frequency stimulation with one
train of 900 pulses at 1 Hz caused significant synaptic depression
that lasted for at least 60 min in WT animals. The fEPSP de-
creased to 85.1 � 2.8% of the baseline value (p � 0.05). However,
DKO mutants failed to show LTD (96.7 � 2.3%; p � 0.1 when
compared with the baseline value). The group difference for fEPSP
changes at 50–60 min after LFS was significant (F(1,11) � 10.1; p �
0.01) between WT and DKO animals, indicating that LTD induction
requires Ca2�-stimulated AC activity in vivo.

Another important aspect of bidirectional synaptic modifica-
tion is that the potentiated synapses could be suppressed or re-
versed (i.e., synaptic depotentiation). Because significant LTP
can be stimulated by two trains of compressed HFS at 100 Hz
with 1 min intertetanus interval in both groups, we used this HFS
protocol followed by LFS (900 pulses at 1 Hz) to induce depoten-
tiation. One hour after the LFS, the fEPSP in WT mice dropped to
the baseline level (94.5 � 4.5%; p � 0.4 compared with baseline
before the HFS), indicating effective LFS-induced depotentia-
tion. In contrast, there was no significant depotentiation in DKO
mice, of which fEPSP remained potentiated at a level of 116.5 �
4.6% to that of baseline value (p � 0.001 when compared with
baseline) (Fig. 3B). Furthermore, there was a significant effect of
genotype on fEPSP changes at 50 – 60 min after LFS (F(1,11) �
11.8; p � 0.01).

Although the activity-dependent synaptic modification was
severely impaired in DKO mice, these animals showed normal
basal transmission and normal short-term plasticity. The data for
input– output curve and paired-pulse facilitation were collected
from mice used for LTP, LTD, and depotentiation studies. We
found no significant genotype effects for the pooled input– out-
put curve (genotype: F(1,70) � 0.9, p � 0.3; genotype by stimulus

intensity: F(7,490) � 0.8, p � 0.6; n � 38 for WT; n � 34 for DKO)
(Fig. 3C). There was also no significant difference for paired-
pulse facilitation between the two groups (genotype: F(1,57) �
0.03, p � 0.9; genotype by paired-pulse interval: F(9,513) � 0.6,
p � 0.8; n � 29 for WT; n � 30 for DKO) (Fig. 3D).

In a short summary, our results demonstrate that Ca 2�-
stimulated AC activity plays a critical role in both upregulation
and downregulation of synaptic strength in the hippocampus.

Both initial and reversal spatial reference memory require
Ca 2�-stimulated AC activity
Our previous study has found that AC1 is required for retention
but not acquisition of spatial memory (Wu et al., 1995). Here, we
used Morris water maze to examine both acquisition and mem-
ory retention in DKO mice. As shown in Figure 4A, we first
trained animals to navigate in water and find the visible platform.
Both WT and DKO mice showed significant improvement in
escape latency during the 2 d training (Fig. 4B). Because both
animal groups (i.e., WT and DKO mice) showed comparable
performance in the cued/visible platform protocol preceding
three different hidden platform training paradigms, the data
shown in Figure 4B represented pooled results from all cued
trainings. There is no significant difference between WT controls
(n � 33) and DKO mutants (n � 32) (genotype: F(1,63) � 0.1, p �
0.8; genotype by training trial: F(7,441) � 1.7, p � 0.1; two-way
repeated-measures ANOVA). Furthermore, WT and DKO ani-
mals showed similar swimming speed during the cued platform
training (14.6 � 0.6 cm/s for WT; 15.3 � 0.4 cm/s for DKO mice;
p � 0.31 between the two groups). These data indicate normal
vision, locomotor skill, and motivation in DKO animals.

One day after the last trial of cued platform training, mice
were trained to find the hidden platform by using the extra-maze
spatial references (with protocol for WME-1). During the 12 d of
initial hidden platform training (two trials per day with 4 h ITI),
DKO mutants (n � 16) exhibited significantly longer escape la-
tency to land on the initial hidden platform than WT controls
(n � 11) (genotype: F(1,25) � 12.8, p � 0.001; genotype by train-
ing day: F(11,275) � 2.3, p � 0.01), although both groups showed
significant improvement across the training sessions as indicated
by the main effect of time (DKO, F(11,165) � 4.7; WT, F(11,110) �
11.3; p � 0.001 for both groups) (Fig. 4C). There was no signifi-
cant group difference for swimming speed across the 12 d of
training (WT, 12.4 � 0.4 cm/s; DKO, 12.9 � 0.5 cm/s; p � 0.4,
unpaired t test). Furthermore, the degree of thigmotaxis as mea-
sured by percentage of time spending within a 8 cm zone around
the wall was not significantly different between WT and DKO
mice (genotype: F(1,25) � 2.3, p � 0.14; genotype by training day:
F(11,275) � 1.3, p � 0.24) (data not shown). Therefore, the im-
paired acquisition in DKO mice was not due to defective loco-
motor ability or searching strategy.

As indicated in Figure 4A, we performed two probe trials to
test memory retention: one after 6 d of training and another one
after 12 d of training. For the time that both groups spent in
quadrants during probe test trials (P1 and P2) (Fig. 4D), three-
way repeated-measures ANOVA with probe trial and quadrant as
within-subject factors revealed significant effects of quadrant
(F(3,75) � 56.4; p � 0.001) and the interaction of genotype with
quadrant (F(3,75) � 4.7; p � 0.01). Further analysis revealed both
animal groups showed significant spatial preference to the target
quadrant during both probe trials (p � 0.05 for P1, and p � 0.01
for P2, when comparing the target quadrant to other quadrants).

Figure 3. Both de novo synaptic depression and suppression of the previously established
potentiation require Ca 2�-stimulated AC. A, LFS of 900 pulses at 1 Hz induced LTD in anesthe-
tized young adult WT (n � 7) but not in DKO mice (n � 6). The insets are representative fEPSP
traces taken before and after LFS at the indicated time points. Calibration: 10 ms, 1 mV. B, WT
(n � 7) but not DKO (n � 6) mice showed obvious synaptic depotentiation, which was induced
by LFS (900 pulses at 1 Hz) 5 min following the LTP stimulation protocol (2� HFS at 100 Hz with
an intertetanus interval of 1 min). The insets are representative fEPSP traces taken at the indi-
cated time. C, The basal neural transmission was normal in DKO mice. Input– output curve was
obtained by measuring fEPSP at different stimulation intensity. The insets are representative
input– output traces. Calibration: 10 ms, 1 mV. D, Paired-pulse facilitation was determined by
paired stimulations with different interpulse intervals. The insets are representative traces with
a paired-pulse interval of 80 ms. Calibration: 40 ms, 1 mV.
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However, comparison between groups in-
dicated that DKO mutants spent signifi-
cantly less time in the target quadrant
than WT controls during both probe trials
(p � 0.01 for both trials, LSD test). There
was no significant difference for the time
spent in the nontarget quadrants between
the two groups (p � 0.05). Furthermore,
both animal groups showed significant
improvement for the time spent in the tar-
get quadrant when comparing P2 to P1
(p � 0.05 for both WT and DKO). For the
platform crossing number (Fig. 4E), the
main effects of genotype (F(1,25) � 4.8; p �
0.05) and probe trial (F(1,25) � 11.7; p �
0.01) were significant. Although both
groups showed improvement for the
platform crossing number when compar-
ing P2 with P1 (both p � 0.05), DKO mu-
tants had fewer platform crossing times
than WT mice in P2 (p � 0.02) rather than
in P1 (p � 0.4). Crossing number of cor-
responding platform locations in other
quadrants was similar between WT and
DKO groups (all p � 0.1) (data not
shown).

We next moved the platform to the op-
posite quadrant location (i.e., quadrant 3,
as indicated in Fig. 4G) and performed re-
versal training. To find the new reversal
platform location, animals need to estab-
lish new memory and in the meantime
suppress the memory for the initial old
platform location (i.e., quadrant 1, as in-
dicated in Fig. 4D). During the 8 d of re-
versal platform training (two trials per day
with an ITI of 4 h, as indicated in Fig. 4A),
DKO mutants showed significantly longer
escape latency to find the new reversal
platform location than WT (genotype:
F(1,25) � 8.0, p � 0.01; genotype by train-
ing day: F(7,175) � 2.1, p � 0.05) (Fig. 4F).
For the quadrant time spent during the
two probe trials of the reversal platform
(i.e., P3 and P4) (Fig. 4G), three-way
repeated-measures ANOVA revealed sig-
nificant effects of quadrant (F(3,75) � 13.7;
p � 0.001) and the interaction between
genotype and quadrant (F(3,75) � 14.7;
p � 0.001). WT controls showed prefer-
ence to the new target quadrant during
both probe trials (all p � 0.01, pairwise
LSD comparisons between the new quad-
rant and the other quadrants), indicating
that WT animals efficiently suppressed
the old spatial memory and established
new memory for the reversal platform lo-
cation. Strikingly, although DKO mutants showed weaker initial
memory for the old platform (Fig. 4D,E), reversal training did
not efficiently suppress their old spatial memory. In probe test 3
(Fig. 4G), DKO mutants still exhibited preference to the old tar-
get quadrant (i.e., quadrant 1) (p � 0.05 when comparing quad-
rant 1 to the other quadrants), and they did not show preference

to the new target quadrant (p � 0.2 when comparing quadrant 3
to the two adjacent quadrants). After additional 4 d of reversal
training, DKO mice showed a tendency of spending more time in
the new quadrant (p � 0.01 between quadrant 3 and 2; p � 0.06
between quadrant 3 and 4; p � 0.1 between quadrant 3 and 1).
Although DKO did not show preference to the old platform in

Figure 4. Acquisition and retention of spatial information require Ca 2�-stimulated AC. A, Experimental layout of Morris water
maze experiment 1 (MWE-1). Mice were first trained to find the cued/visible platform (stage 1). Then, they were trained to find the
hidden platform (stage 2). Two probe tests (P1 and P2) were performed halfway and at the end of the hidden platform training
sessions, respectively. In the third stage, mice were trained by reversal trials. Two probe tests (P3 and P4) were performed as
indicated. B, WT (n � 33) and DKO (n � 32) mice showed comparable performance during the cued platform training. C, DKO
mutants (n � 16) showed spatial learning defects to find the initial hidden platform when compared with WT mice (n � 11). Data
of two training trials on each day were combined for analysis. P1 and P2 represent the first and second probe test, respectively. D,
DKO mutants showed less preference to the target quadrant (i.e., quadrant 1 as indicated) than WT mice in both probe tests. E, DKO
mutants showed less crossing over the initial platform location than WT mice in the second but not in the first probe test. F, DKO
mutants showed defective reversal learning to find the new platform location when compared with WT mice. G, DKO mutants
spent significantly less time in new target quadrant (i.e., quadrant 3) (p � 0.05 for both probe tests), but more time in the old
target quadrant (i.e., quadrant 1) when compared with WT mice (p � 0.05 for both probe tests). H, DKO mutants showed fewer
crossing over the new target location (p � 0.05 for both probe tests). I, Data for the percentage of time spent in each quadrant
during each day of the reversal training. Opp., The old and initial target quadrant; Tr., the new target quadrant for the reversal
training; Adj L, left quadrant adjacent to the old target; Adj R, right quadrant adjacent to the old quadrant. *p � 0.05 between the
indicated groups. Error bars indicate SEM.
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probe test 4 (both p � 0.1 when compared between quadrant 1
and the two adjacent quadrants), they spent significantly more
time in the old target quadrant but less time in the new target
quadrant than the WT controls during both probe test 3 and 4
(p � 0.05) (Fig. 4G). For new and old platform crossing number,
there were significant main effects of genotype (F(1,25) � 19.8)
and quadrant (F(1,25) � 17.6), and of the interaction between
genotype and quadrant (F(1,25) � 20.7; p � 0.01 for all cases).
DKO mutants showed fewer crossing number over new platform
location during both probe trials than WT controls (both p �
0.01) (Fig. 4H). The crossing numbers over the old platform
location were comparable between the two groups (p � 0.08 for
P3; p � 0.6 for P4).

The finding that DKO mutants spent more time in the old
target quadrant but less time in the new target quadrant during
probe trials suggested that such phenotype might also happen
during the reversal platform training sessions. Therefore, we did
further data analysis on the time that both groups spent in each
quadrant during the reversal training sessions. As shown in Fig-
ure 4 I, both animal groups gradually decreased their time search-
ing in the old target quadrant and increased searching time in the
new target quadrant (within-subject effects of time, p � 0.001 for
both groups). The searching time spent in the nontarget quad-
rants (i.e., adjacent left and right quadrants) remained almost
stable for both WT and DKO mice (Fig. 4 I). However, DKO
mutants showed slower percentage time decrease searching in the
old target quadrant (genotype by training day: F(7,175) � 2.9, p �
0.01), as well as slower percentage time increase searching the
new target quadrant (genotype by training day: F(7,175) � 4.2, p �
0.01). These data suggested that the balance of new memory for-
mation and old memory suppression might be shifted to favor
the perseverance of old memory in DKO animals under this par-
ticular training paradigm (two trials each day with ITI of 4 h).

One complication for the impaired reversal learning in DKO
mice is that their memory for the initial platform (i.e., old plat-
form) is weaker than the WT animals. It is conceivable that
weaker initial memory should be easier to suppress. The impaired
reversal of the weaker initial memory in DKO mice may already
indicate a severe dysfunction of relearning/old memory suppres-
sion. However, a fair examination should be done with animals
that show equivalent strength of initial memory. Therefore, we
reanalyzed the data by excluding the poor performers from the

DKO group. We noticed that four DKO mice did not show any
platform crossing over the initial platform during probe test 2.
After excluding these four DKO mice, this subpopulation of
DKO mice displayed comparable performance in probe test 2 to
that of the WT group (Fig. 5A) (70.4 � 4.8% for WT and 60 �
2.7% for DKO; p � 0.1). When data from these animals were
reanalyzed for the performance during the reversal learning and
the subsequent probe tests (i.e., P3 and P4), it appeared that DKO
mice showed similar performance profile to that presented in
Figure 4. They were impaired for relearning (Fig. 5B) (F(1,21) �
7.8; p � 0.05), new memory establishment (Fig. 5C,D) (DKO
mice showed significant less preference to the new platform lo-
cation than WT mice, F(3,63) � 17.6, p � 0.01), and the suppres-
sion of the old spatial memory (DKO but not WT mice spent
significantly more time in the old target quadrant during probe
test 3; p � 0.05) (Fig. 5C). These data further support that Ca 2�-
stimulated AC is important for memory reversal, which requires
both new learning and suppression of old memories. However,
because of the intrinsic features of this particular training para-
digm, it is difficult to dissect whether the preference to the old
target in DKO mice is due to direct effects of memory suppression
or due to less competition from new memory establishment.

Extinction of the old spatial memory is impaired in DKO
mutants
To minimize the competition effects from learning the new plat-
form location, we chose to examine the suppression of the old
spatial memories by using an extinction paradigm (Lattal et al.,
2003; Suzuki et al., 2004). Following the protocol described as
WME-2 in Materials and Methods, we first trained new cohorts
of mice by a more intensive training (four trials per day with ITI
of 30 min, as illustrated in Fig. 6A) with the attempt to achieve
strong and comparable memory in both WT and DKO groups.
DKO mice showed slower improvement of escape latency during
the whole training process (F(1,16) � 14.6; p � 0.01) (Fig. 6B).
Although DKO mice showed weaker memory after 24 trials of
hidden platform training (from day 1 to day 6), they displayed
comparable memory retention to that of WT group after addi-
tional 3 d of training. Specifically, when tested by a probe trial on
day 7, DKO mutants spent significantly less time in the target
quadrant (DKO, 32.7 � 7.1%; WT, 50.3 � 3.8%; p � 0.03) (Fig.
6C). The number of crossing over the platform location was also

Figure 5. Subpopulation of DKO mice, which show normal initial memory, displays defective reversal learning. Although majority of DKO mice (12 of 16 mice trained by MWE-1 in Fig. 4) showed
significant improvement during probe test 2 after 6 d of additional training (from day 8 to 13), 4 DKO mice did not show any crossing over the initial platform location in probe 2. After excluding these
4 DKO animals, the percentage of time spent in each quadrant was comparable between DKO (n � 12) and WT mice (A). When data from these animals were reanalyzed for escape latency during
the reversal training (B), probe tests for the reversal platform (C), and crossing number over the reversal platform location (i.e., the platform in quadrant 3) (D), these DKO mice displayed similar
deficits as those shown in Figure 4. NS, Not statistically significant between the indicated groups. *p � 0.05 between the indicated groups. Error bars indicate SEM.
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fewer than WT controls (DKO, 1.4 � 0.5; WT, 3.8 � 0.7; p �
0.02, unpaired t test). After an additional 12 training trials (four
trials per day for 3 d), DKO and WT animals showed comparable
preference to the target quadrant in the second probe test (P2 on
day 11) (DKO, 48% � 6.2; WT, 59% � 5.5%; p � 0.19) (Fig. 6D).

Following the second probe test, which was considered as the
fist extinction session, animals were reintroduced to the pool
without the presence of the platform 4 h later. This particular
extinction paradigm was repeated for 2 additional days. During
these six probe/extinction trials, animals would suppress the pre-
viously established memory and show decrease in time spent in
the target quadrant. As shown in Figure 6E, WT (F(5,40) � 7.7;
p � 0.001) but not DKO mice (F(5,40) � 0.8; p � 0.59) displayed
significant decrease in the time spent in the trained quadrant
across all extinction sessions. There was also a significant inter-
action effect between genotype and training trial (F(5,80) � 2.8;
p � 0.02). Consistently, WT (F(5,40) � 10.0; p � 0.001) but not
DKO mice (F(5,40) � 1.1; p � 0.38) significantly reduced their
crossing number over the trained platform location (Fig. 6F).
After six extinction trials, the preference to the target quadrant
reduced to chance level (21.4 � 6.9%) in WT mice. However,
DKO mice showed stronger preference (40.2 � 4.7%) to the
target quadrant than WT animals (p � 0.05). DKO mice also
showed more crossing number over the trained platform location
in the sixth extinction session than WT (DKO, 1.78 � 0.52; WT,
0.33 � 0.23; p � 0.05). These data suggest that efficient suppres-
sion of the obsolete spatial memory requires Ca 2�-stimulated AC
activity.

Pretraining with visible platform does not affect subsequent
formation of reference spatial memory
It has been shown that previous spatial training may affect sub-
sequent learning, during which animals are exposed to new spa-
tial cues (Bannerman et al., 1995). Although, in our experimental

setup, mice during the visible platform pretraining should not be
significantly influenced by the extra-maze reference cues, we fur-
ther tested whether Ca 2�-stimulated AC regulates spatial mem-
ory formation without any form of pretraining. A new cohort of
naive WT and DKO mice was directly subjected to hidden plat-
form training (described as WME-3 in Material and Methods).
Except for no visible platform training, these animals experi-
enced same hidden platform training as those in WME-2 (Fig.
6B–D). As shown in Figure 7A, DKO mice displayed slower im-
provement of escape latency than WT mice (p � 0.05). Com-
pared with WT mice, DKO mutants did not show preference to
the hidden platform location in probe test 1 (on day 7 after 6 d of
training) (Fig. 7B,C) (p � 0.05). After additional 3 d of training,
DKO mice showed comparable memory to that of WT mice in
probe test 2 (Fig. 7B,C). When these results were compared with
data collected from animals in WME-2, which were pretrained
with visible platform (in Fig. 6C,D), it appeared that the perfor-
mance of WT, as well as DKO mice, was similar in the probe tests
regardless of previous experience with visible platform (p � 0.05
between pertained and non-pretrained WT; p � 0.05 between
pretrained and non-pretrained DKO).

Spatial learning and memory deficits in DKO mutants can be
partially rescued by trainings with compressed intertrial
interval
Because HFS with compressed intertetanus interval (i.e., 1 min)
rather than spaced interval (i.e., 5 min) successfully induced LTP
in DKO (Fig. 2B), it is possible that DKO mice form normal
spatial memory after trainings with compressed ITI. By using a
protocol described as WME-4 in Materials and Methods, new
cohorts of WT and DKO mice were first trained to find the visible
platform, and then trained by four trials per day with 1 min ITI to
find the hidden platform. As shown in Figure 8A, DKO mice

Figure 6. Spatial memory extinction requires Ca 2�-stimulated AC. A, Illustration of the training protocols for the water maze experiment 2 (WME-2). Animals were first pretrained by
cued/visible platform trials, followed by hidden platform training. Probe tests were used to examine the strength of memory retention. After both WT and DKO mice showed significant memory
formation, they were subjected to extinction trials, during which animals were allowed to swim in the pool without any platform for 60 s. B, DKO mutants (n � 9) showed longer escape latencies
during the hidden platform training than their WT controls (n � 9). C, During probe test 1 performed after 6 d of hidden platform training, only WT but not DKO mice showed robust memory
formation for the platform location (quadrant 1 as indicated). D, DKO mutants showed comparable memory formation to that of WT mice during probe test 2 after training for 3 additional days. E,
After 3 d of extinction training (2 trials per day), WT mice no longer showed preference for the target quadrant. In contrast, DKO mice showed preference, indicating deficits in memory extinction.
F, WT but not DKO mice showed significant decrease in crossing over the platform location during the six extinction trials. *p � 0.05 between DKO and WT groups. NS, Not statistically significant
between the indicated groups. Error bars indicate SEM.
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showed slower improvement of escape latency during the whole
training process than WT animals (genotype: F(1,18) � 8.2, p �
0.01). However, DKO mice showed comparable performance to
that of WT mice in both probe tests (as indicated by P1 and P2 in
Fig. 8). Both WT and DKO mice showed significant preference to
the target quadrant (F(3,54) � 75.7; p � 0.001), and there were no
significant genotype effects (all p � 0.1) on quadrant time (Fig.
8B) or on platform crossing numbers (Fig. 8C). We further com-
pared the probe test performance of DKO mutants with data
collected from water maze experiment 2 (described as WME-2 in
Materials and Methods) (results shown in Fig. 6C,D). The hidden
platform training strategies of WME-4 and WME-2 are essen-
tially the same except that the ITI is 1 min for WME-4 and 30 min
for WME-2. After 6 d of hidden platform training, DKO mu-
tants trained with compressed ITI in WME-4 spent significantly
more time in the target quadrant (48.5 � 5.9%) than the DKO
group trained with spaced ITI in WME-2 (30.0 � 5.4%; p � 0.05,
unpaired t test) in probe test 1. Additionally, DKO mice formed
WT-level memory during probe test 2 after another 3 d of train-
ing (from day 8 to 10) regardless of using compressed or spaced
ITI (Figs. 6D, 8B). These data show that the deficits in DKO mice
can be partially rescued by either training with compressed ITI or
overtraining (i.e., additional 3 d of training in WME-2).

Discussion
The requirement of cAMP–PKA signaling
for the maintenance of late-phase LTP has
been extensively elucidated (Frey et al.,
1993; Nguyen et al., 1994; Abel et al., 1997).
Our previous study with hippocampal
slices has demonstrated that lack of AC1/
AC8 in mice causes defective LTP mainte-
nance without affecting induction (Wong
et al., 1999). Because previous reports have
suggested that the requirement of cAMP–
PKA signaling in early-phase LTP (E-LTP)
may depend on the induction protocol
(Blitzer et al., 1995; Otmakhova et al., 2000;
Woo et al., 2003), we decided to further in-
vestigate the function of Ca2�-stimulated
AC in LTP induction (i.e., E-LTP). Nguyen
and Kandel (1997) reported that E-LTP in-
duced by multiple theta-burst stimulations
does not require PKA. In contrast, a PKA
inhibitor H89 (N-[2-[[3-(4-bromophenyl)-
2-propenyl]amino]ethyl]-5-isoquinoline-
sulfonamide dihydrate dihydrochloride)
significantly suppresses E-LTP induced by
a single train of tetanus (100 Hz for 1 s)
(Otmakhova et al., 2000). Supportively,
DKO mice displayed normal E-LTP in-
duced by multiple trains of HFS (four 200
ms tetanic trains at 100 Hz with ITI of 6 s),
as demonstrated by our previous report
(Wong et al., 1999). Interestingly, a single
train of HFS (100 Hz, 1 s) failed to induce
LTP in DKO mice (this study). These data
extend our understanding on the function
of Ca 2�-stimulated cAMP signaling in
both induction and maintenance of LTP.

Another finding of this study is that the
induction of E-LTP in DKO mice by two
trains of high-frequency stimulation (at
100 Hz) depends on the intertetanus in-

terval. Previous studies have suggested a temporal sensitivity of
cAMP for LTP induction. While LTP induced by multiple stim-
ulations with spaced intervals (such as 300 or 80 s) can be blocked
by pharmacological or genetic reduction of PKA activity, the in-
duction of LTP by multiple stimulations with massed (or com-
pressed) intervals (such as 3, 20, or 40 s) does not require PKA
(Woo et al., 2003; Kim et al., 2010). A simulation model provided
by Kim et al. (2010) predicts that the critical intertetanus interval
for PKA-dependent LTP is �60 s, and the requirement of PKA
under spaced tetanic condition is to compensate for a decrease of
CaMKII activation after spaced stimulation. This mechanism
may also explain why E-LTP induced by HFS at 200 Hz is normal
in DKO mice. If 200 Hz HFS stimulates more persistent CaMKII
activation than 100 Hz, cAMP and PKA may be less critical for
LTP induction. These studies, as well as our data, suggest inter-
esting cross talks of different Ca 2�-stimulated signaling path-
ways with the function of time-dependent relay in the
establishment of synaptic potentiation. Other Ca 2�-stimulated
signaling pathways, such as calmodulin-dependent kinases
(CaMKs) (Wayman et al., 2008) and extracellular signal-
regulated kinases (ERKs) (Schmitt et al., 2005), may also be re-
cruited during LTP induction. When stronger stimulation is used

Figure 7. Without visible platform pretraining, DKO mice still show defective spatial memory formation. Naive WT (n � 9) and
DKO mice (n � 14) were trained to use the extra-maze spatial cues to find the hidden platform location without visible platform
pretraining. Mice were trained by four trials per day with ITI of 30 min for 6 d. Then, a probe test (P1) was performed on day 7. Next,
these mice were further trained for another 3 d (from day 8 to 10), and a second probe test (P2) was performed on day 11.
Compared with WT mice, DKO mutants showed slower improvement of escape latency during the hidden platform trainings (A),
less preference to the target quadrant in probe test 1 but not probe test 2 (B), and less crossing over the hidden platform location
in probe test 1 but not probe test 2 (C). Tr, Target quadrant; Opp, opposite quadrant. *p � 0.05 between DKO and WT groups. Error
bars indicate SEM.

Figure 8. Hidden platform trainings with compressed ITI improve spatial memory in DKO mice. WT (n � 10) and DKO (n � 10)
animals were first pretrained with the visible platform paradigm as described in Materials and Methods. Then, they were trained
by four trials per day with ITI of 1 min to find the hidden platform for 6 d. They were examined by the first probe test (P1) on day 7,
further trained for 3 more days (from day 8 to 10), and examined by another probe test (P2) on day 11. Although DKO mice showed
slower improvement in escape latency during the hidden platform training (A), they showed comparable preference to the target
quadrant (i.e., quadrant 1 as indicated) in both probe tests (B), and similar number of crossing over the platform location to that of
WT group (C). NS, Not statistically significant between the indicated groups. Error bars indicate SEM.

Zhang et al. • cAMP Signaling and Synaptic Flexibility J. Neurosci., July 13, 2011 • 31(28):10174 –10183 • 10181



to induce LTP (such as HFS at 200 Hz or multiple titanic stimu-
lations with compressed interval), higher activation of other
Ca 2�-stimulated kinases (such as ERK and CaMKs) may com-
pensate for the loss of Ca 2�-stimulated cAMP elevation. Inter-
estingly, the stimulation intensity- and interval-dependent
effects were also observed when examining spatial memory for-
mation. Specifically, we found that DKO mice showed normal
memory formation after more extensive training (i.e., four trials
per day for 9 d vs four trials per day for 6 d) or trainings with
compressed ITI (i.e., four trials per day with 1 min ITI for 6 d vs
four trials per day with 30 min ITI for 6 d).

The present work demonstrates that LTD in live adult mice
requires Ca 2�-stimulated AC. This finding extends a previous
study that in vitro slices from juvenile AC8 KO mice fail to de-
velop LTD (Schaefer et al., 2000). The requirement of Ca 2�-
stimulated cAMP production for LTD is consistent with the
function of PKA in de novo synaptic depression (Brandon et al.,
1995; Qi et al., 1996). While the establishment of LTP reflects
activity-dependent synaptic strengthening, the reversal of the po-
tentiated synapses (i.e., depotentiation) represents an attractive
cellular model to study how previously strengthened synapses
can be destrengthened. Although LTD and depotentiation may
involve different molecular mechanisms (Lee et al., 2000; Li et al.,
2007), our data and other studies demonstrate the function of
Ca 2�-stimulated cAMP–PKA signaling in both processes. For
example, genetic disruption of R1� or C�1 subunit of PKA
causes impaired LTD and depotentiation in hippocampal slices
(Brandon et al., 1995; Qi et al., 1996). However, a recent report
supports that the reduction of PKA activity facilitates LTD con-
solidation (Malleret et al., 2010). Alternatively, Ca 2�-stimulated
AC may impinge on the Epac–Rap–p38 –MAPK signaling and
regulate LTD in a PKA-independent manner (Ster et al., 2009).
Therefore, it is possible that the loss of Ca 2�-stimulated AC ac-
tivity may lead to more severe disruption of the intracellular sig-
naling by affecting multiple downstream targets. One question is
how Ca 2�-stimulated AC can bidirectionally regulate synaptic
plasticity (i.e., both potentiation and depression/depotentia-
tion). One possibility is that cAMP signaling may affect different
downstream targets, which are distinctly activated by HFS and
LFS. Such scenario is implicated in ERK signaling. While ERK
activity stimulates CREB during LTP (Adams and Sweatt, 2002),
it activates Elk but not CREB during LTD (Thiels et al., 2002).

Although the function of both PKA and AC1 has been dem-
onstrated in spatial memory formation (Wu et al., 1995; Abel et
al., 1997), how Ca 2�-stimulated cAMP signaling regulates
relearning and suppression of old spatial memory is largely
unknown. An immunohistochemistry study has documented
dynamic changes of PKA activity during training and reversal
training with Y-maze (Havekes et al., 2007). After the first
reversal training session, PKA RII�, � level is increased in the
DG and CA3 regions. After the third training session, during
which animals have not fully established the new reversal
memory, an increase in RII�, � is observed in the CA1 region.
The immunoreactivity returns to the baseline level at the end
of the training (after the seventh training). Although the func-
tional relevance for the transient changes of PKA level is un-
clear, we observed dramatic deficits in DKO mice during the
reversal training sessions. After the first 4 d of training, only
WT mice showed preference for the new target quadrant. DKO
mice still showed preference for the old rather than the new
platform location. Although the data in Figure 4 suggested
that the effective suppression of old spatial memory might
depend on Ca 2�-stimulated AC, it is possible that the pheno-

type is due to less competition from new spatial learning.
However, we found that the old spatial memory in DKO was
more resistant to extinction trainings. Therefore, we conclude
that both relearning and old spatial memory suppression re-
quire Ca 2�-stimulated cAMP signaling.

It appears that suppression of old spatial memory and old fear
memory (or fear extinction) may be mechanistically different.
Although Szapiro et al. (2003) demonstrated that infusion of PKA
inhibitor Rp-cAMPs [(R)-adenosine, cyclic 3	,5	-(hydrogen phos-
phorothioate)triethylammonium] into the hippocampus im-
paired extinction of fear in the step-down avoidance paradigm,
genetic suppression of PKA activity in the forebrain facilitated
extinction of contextual fear (Isiegas et al., 2006). Isiegas et al.
(2006) used genetic approaches to overexpress R(AB) in young
adult mice, in which PKA activity reduced by �20%. These
R(AB) transgenic animals showed normal retrieval but faster ex-
tinction of contextual memory. Consistent with this finding, we
previously reported that AC1-overexpressing mice, which had
�30% more PKA activity in the hippocampus, showed slower
extinction of contextual fear memory (Wang et al., 2004). In
another study, Monti et al. (2006) delivered a phosphodiesterase
inhibitor rolipram to increase cAMP into the brain. They found
that, after training by tone–footshock paring and during the mul-
tiple extinction sessions, rolipram-infused rats displayed more
retention and slower extinction.

In summary, this study implicates a novel requirement of
Ca 2�-stimulated AC for the flexibility of both synaptic modifi-
cation and memory formation/suppression. Although our data
showed a correlation between defective synaptic depression/de-
potentiation and impaired old memory suppression in DKO
mice, it is a challenge to demonstrate direct causal effects of these
synaptic abnormalities on behavior. While an early study has
reported an association between defective reversal spatial learn-
ing and impaired LTD rather than depotentiation (Nicholls et al.,
2008), other evidence has suggested that synaptic depotentiation
in amygdala may account for fear memory extinction (Kim et al.,
2007). Additionally, old memory suppression or extinction may
rely on brain areas distinct from the hippocampus (such as pre-
frontal cortex). Although our study did not focus on prefrontal
cortex, previous reports have shown that upregulation of cAMP–
PKA signaling is associated with LTP in prefrontal cortex (Jay et
al., 1998; Hotte et al., 2007). It remains to determine whether
memory extinction involves coordination between LTP in pre-
frontal cortex and LTD/depotentiation in hippocampus, or co-
ordination between LTP in unexperienced neurons and LTD/
depotentiation in previously potentiated neurons.
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